Aims/hypothesis There is an increased risk of renal cell carcinoma (RCC) in human diabetes mellitus. We therefore examined the influence of hyperglycaemia and glucoselowering treatment on nephrocarcinogenesis in rats. Methods Rats (n=850), which were either spontaneously diabetic, streptozotocin-diabetic or normoglycaemic, were examined with special reference to Armanni-Ebstein lesions (AEL). Results Irrespective of the cause of diabetes, diabetic but not normoglycaemic rats developed typical glycogenotic clear-cell AEL. AEL showed strong proliferative activity, which was nearly completely inhibited by EGF receptor blockade (Gefitinib treatment). Many findings suggested a stepwise development of RCCs from AEL. Whereas the number and size of RCCs gradually increased in all diabetic groups, beginning at 6 months after onset of diabetes, normoglycaemic controls did not developed RCC. After 28 months, up to 82% of diabetic animals had at least one RCC. In contrast to the proximal tubules, the distal tubular system, including glycogenotic AEL, had the same levels of enzyme activities as RCC (e.g. high glycogen phosphorylase and synthase activity, lack of glucose 6-phosphatase activity) and the same expression patterns of cytokeratin 7 and several growth factors, along with their receptors and signal transduction proteins (TGF-α, EGF receptor, IGF-I, IGF-I receptor, IGF-II receptor, insulin receptor substrate 1, v-raf-1 murine leukemia viral oncogene homologue 1 and mitogen activated protein kinase kinase 1). In addition, direct morphological transitions between distal tubules, AEL and RCCs were frequently observed. All these findings indicate a common origin and a precursor-product relationship of AEL and RCCs. Conclusions/interpretation Nephrocarcinogenesis in diabetic rats results from sustained hyperglycaemia, resulting in an adaptive metabolic response, altered growth factor signalling and subsequent neoplastic transformation of the tubular epithelial cells.
Introduction
Renal cell carcinomas (RCC) have been associated with a number of risk factors, in particular cigarette smoking and exposure to certain chemical carcinogens, such as nitrosamines [1] . Long-term type 2 diabetes mellitus and related diseases, e.g. obesity, are also assumed to hold an increased risk of developing different types of cancer, including RCC [2] [3] [4] [5] [6] [7] . The mechanisms leading to diabetes-related RCC are still unknown, although alterations in the diabetic kidney with a potential role in nephrocarcinogenesis, such as marked hypertrophia, have been identified [8, 9] . Moreover, the overproduction of: (1) TGF-α and its receptor, i.e. EGF receptor (EGF-R); (2) TGF-β, IGF-I, IGF-I-receptor (IGF-I-R), constituents of the mitogen-activated protein kinase and insulin receptor (IR); and (3) alterations in carbohydrate metabolism have been documented in RCC [10] [11] [12] [13] and in diabetic kidneys [8, 9, 14, 15] . One of the most frequently used model of diabetes in rats is based on the application of a single dose of streptozotocin (STZ), causing irreversible damage to the beta cells of the islets of Langerhans and, consequently, long-term insulin deficiency. STZ has also been shown to induce RCC in rats [16] . However, it has not been clarified whether STZ acts carcinogenically by direct toxic effects on kidney tubules [17] or indirectly by induction of diabetes.
In different animal models of chemical carcinogenesis, RCCs are preceded by a group of distinct preneoplastic tubular lesions, e.g. clear-cell, basophilic, oncocytic and chromophobic tubules [18] [19] [20] . The clear-cell tubules endowed with an excessive storage of glycogen (glycogenosis) have been considered preneoplastic lesions in the rat for many years [21] [22] [23] [24] and have also been related to human renal carcinogenesis in von Hippel-Lindau disease [25] and in sporadic cases [26] . Interestingly, this preneoplastic clear-cell tubule resembles the glycogenotic tubule of the human diabetic kidney, the so-called ArmanniEbstein lesions (AEL) [27, 28] . Despite this morphological similarity, AEL have never been investigated for its preneoplastic potential in diabetes-related nephrocarcinogenesis.
The aim of this study was to examine the influence of spontaneous and STZ-induced diabetes mellitus on renal carcinogenesis in rats, to identify potential mechanisms leading to tumour development and to investigate the possible implication of AEL in the neoplastic process.
Methods

Animals
Animals were kept under constant conditions (21-22°C, 12 h light-dark cycle [lights on at 07:00 hours]), fed pelleted rat food, with free access to tap water. Acclimatisation time before the beginning of the experiment was at least 5 days. Housing and treatment of the animals conformed to the guidelines of the Society for Labaratory Animals Service (GV-Solas) and the German animal protection law.
Experimental design
An overview of the experimental design is given in Table 1 .
Experiment 1 This experiment included 393 male Lewis rats (Harlan, Borchen, Germany) and 245 male BB/Pfd rats (breeding pairs were a kind gift of C. Mathieu, Laboratories for Experimental Medicine and Endocrinology, Rega Institute, Catholic University Leuven, Leuven, Belgium), each weighing 250 to 300 g at the beginning of the experiment.
Lewis rats were subdivided into four experimental groups (L1-L4). Groups L1 to L3 were made diabetic by a single subcutaneous dose of 80 mg STZ (Boehringer, Mannheim, Germany) per kilogram body weight. Diabetes in L1 remained untreated and the rats stayed severely diabetic (blood glucose >22 mmol/l). Diabetic animals of L2 were treated by low-number isologous pancreatic islet transplantation into the liver (250 to 450 islets of Langerhans per recipient), which lowers hyperglycaemia and is intended to generate a mildly diabetic state, with blood glucose levels between 14 and 19 mmol/l. The L3 animals were treated with high number pancreatic islet transplantation (1,000 islets of Langerhans), resulting in complete restoration of normoglycaemia (blood glucose <5.5 mmol/l). L4 rats were completely untreated and stayed normoglycaemic throughout the experiment.
The BB/Pfd rats were subdivided into three experimental groups (B1-B3). The B1 group consisted of spontaneously diabetic male BB/Pfd rats owing to an autoimmune mechanism, similar to human type 1 diabetes mellitus, with diabetes affecting approximately 15% of our primary population [29, 30] . Some of these received insulin implants (Linplant; Linshin Canada, Scarborough, ON, Canada) when they showed a weight loss of more than onethird of their maximal body weight. Insulin implants were not intended to fully compensate the diabetic state and were given only to prevent death from severe diabetic complications; thus, the blood glucose levels in these animals were lowered from approximately 33 to 22 mmol/l. B2 animals did not develop spontaneous diabetes and were made diabetic by STZ administration as described for L1, resulting in blood glucose levels >22 mmol/l. They did not receive glucose-lowering treatment. B3 consisted of completely untreated normoglycaemic animals. In all animals, body weight and capillary blood glucose (tip of the tail) were measured daily.
Experiment 2
The second experiment consisted of 212 male Sprague-Dawley rats (WIGA, Charles River, Sulzfeld, Germany) weighing 225 to 310 g. They were subdivided into three groups (S1-S3). The S1 (n=116) and S2 (n=38) groups were made diabetic by a single subcutaneous dose of 65 mg STZ/kg body weight. In S1, diabetes remained Tumours were only counted if they measured >2 mm in diameter and proved histologically to be of renal epithelial cell origin. RCCs were defined as a renal epithelial tumour with either marked nuclear atypia, necrosis and/or haemorrhagia. untreated, whereas S2 rats received continuous glucoselowering treatment by subcutaneous doses of insulin (Novo insulin; Novo Nordisk, Mainz, Germany). S3 rats (n=58) were not treated and stayed normoglycaemic throughout the experiment.
The development of renal cell tumours was observed by killing animals from 4 to 28 months after onset of diabetes. Renal histomorphology in the first 8 weeks after diabetes induction was examined in 25 additional animals of experiment 1 and in 38 additional animals of experiment 2. These additional animals of experiment 1 were also investigated after 2 weeks for proliferative activity of the tubular epithelium using BrdU labelling.
For the purpose of blocking the TGF-α receptor (EGF-R), 20 mg/kg body weight Gefitinib (CD1839; kindly provided by AstraZeneca, Wedel, Germany), dissolved in 0.5% (wt/wt) carboxylmethylcellulosis (Sigma, Heidelberg, Germany), was given daily to 12 additional BB/Pfd rats (ten diagnosed as spontaneously diabetic for 5-7 months, two normoglycaemic controls) by a pharyngeal tube for 20 consecutive days. At the 14th day of Gefitinib treatment the animals received osmotic mini-pumps for BrdU labelling.
Antigens and enzymes investigated (immuno)histochemically are listed in Table 2 . Details of the staining methods, as well as a brief description of the islet transplantation procedure, means of animal death, tissue processing, BrdUlabelling and statistical analysis are given as Electronic supplementary material (ESM; Methods). For greater detail, see Dombrowski et al. [31, 32] , Evert et al. [33] , Scharf et al. [34] , Lojda et al. [35] , Hacker et al. [36] , and Ahn et al. [37] .
Results
Morphology of the kidneys and development of renal cell neoplasms
Armanni-Ebstein lesions In the following, proximal tubulus or proximal tubular system is defined as the tubular epithelium of the nephron, beginning at the glomerulus and ending with the descending part of Henle's loop. Distal tubulus or distal tubular system is defined as the tubular epithelium beginning with the ascending part of Henle's loop, including the cortical part of the collecting ducts.
At the beginning (up to 4 months) the kidneys of diabetic and normoglycaemic animals differed histomorphologically only in the fact that AEL were present in diabetic rats. Other diabetes manifestations (e.g. mesangiosclerosis) were seen at the earliest 1 year after diabetes induction. AEL exhibited the typical morphology of clearcell epithelial change of segments of the distal tubule system, beginning with the distal part of the Henle's loop, including the cortical parts of the collecting ducts. These lesions were easily detectable in the periodic acid-Schiff reaction, in which they stained intensively purple (Fig. 1a) . In haematoxylin and eosin-stained sections, the typical clear cytoplasm and small round nuclei with dense chromatin were recognised (Fig. 1b,c) . These morphological alterations were a result of massive glycogen accumulation, confirmed by the demonstration of β-glycogen particles at the electron microscopic level (Fig. 1d) . Surprisingly, at this early stage, AEL showed considerable proliferative activity, highlighted in BrdU immunohistochemistry (Fig. 1c) and described in detail below (next section). Animals that were not diabetic (L4, B3 and S3) or became normoglycaemic owing to full compensation of the diabetic state by high-number islet transplantation (L3) did not develop AEL. Mildly diabetic L2 and S2 animals exhibited less numerous AEL than the severely diabetic rats. AEL persisted throughout the experiment when the rats stayed diabetic, but some L2 animals, although they became normoglycaemic several months after diabetes induction, also showed persisting alterations in the distal tubule system that were reminiscent of AEL (Fig. 1e) . Gefitinib treatment had no effect on gross and microscopic renal morphology. Semiquantitative evaluation of staining intensities in three grades: 0 = negative or very low production/activity; + = low production/activity; ++ = moderate to strong production/activity AcPase, acid phosphatase; γ-GT, γ-glutamyltransferase; mATPase, membrane-bound ATPase; PHO, glycogen phosphorylase; SYN, glycogen synthase
Proliferative activity of the kidney tubulus epithelium As shown in Table 3 , at 2 weeks after onset of diabetes, the proliferative activity (BrdU-labelling index) of the proximal and the distal tubulus epithelium was strongly increased in STZ-induced diabetic L2 and in autoimmune-diabetic B1 animals (L2: 16.37±5.19% and 18.30±4.95%; B1: 12.48± 2.93% and 11.70±4.00%, respectively) compared with the respective normoglycaemic controls L4 and B3 (L4: 4.57± 2.80% and 4.16±2.22%; B3: 2.80±0.76% and 2.70± 0.65%, respectively). At this time point, there were no differences between the proximal and distal tubules in any group. The situation was completely different after 6 months. Whereas the proliferative activity of the proximal tubules in the diabetic animals declined to the values of the normoglycaemic controls, the distal tubular epithelium, including the AEL, continued to proliferate in all diabetic groups, albeit at a lower level than 2 weeks after diabetes induction. The proliferative activity of the distal tubular epithelium was not only two-to threefold higher compared with the distal tubules in the normoglycaemic animals (e.g. 4.71±1.67% vs 1.94±0.84% for L2 and L3 respectively and 3.36±0.76% vs 1.25±0.58% for B1 and B3 respectively), but also 1.5-to twofold higher compared with the neighbouring proximal tubules in the same animals (3.86± 1.12% vs 2.31±0.85% in L1, 4.71±1.67% vs 2.34±1.20% in L2, 3.36±0.83% vs 2.23±0.52% in B1). These differences were again independent of the mode of diabetes induction. No differences between proximal and distal tubules were noted in the normoglycaemic groups L4 and B3.
EGF-R blockade by Gefitinib treatment drastically inhibited the proliferative activity of the distal tubular system. We noted a more than threefold reduction in normoglycaemic B3 animals (1.25 ± 0.58% vs 0.35 ± 0.21%; p=0.019) and a nearly 13-fold reduction in the diabetic B1 animals (3.36±0.76% vs 0.26±0.15%; p= 0.00004). Conversely, we found a slight 1.5-fold increase in the number of proliferating epithelia in the proximal tubular system of diabetic but not of normoglycaemic animals.
Morphological progression of AEL Beginning after 4 months and continuing for the rest of the experiment, many AEL progressed. We noticed: (1) an increase in cell size leading to hypertrophy of the tubules; (2) cells protruding into the tubule lumen ('hobnail' cells), frequently associated with gradual loss of glycogen and increase in cytoplasmic acidophilia or basophilia; (3) nuclear enlargement and vesicular appearance with prominent nucleoli; and (4) transformation of the tubules into small solid cell clusters, which can be interpreted as microadenomas (Fig. 2) . In other lesions, flattening of the epithelium occurred, which was often accompanied by cystic dilatation of the tubules. Both the solid and the cystic alterations were seen in all of the diabetic groups.
Transformation of preneoplastic tubular lesions into renal cell neoplasms Beginning at 4 to 6 months after onset of diabetes and continuing with a gradual increase, some of the tubular lesions extended in diameter and formed (Table 1) . These adenomas were either cystic or solid. Tumour cells were usually arranged in a trabecular/ tubular pattern and exhibited a clear, acidophilic or basophilic cytoplasm as observed in the tubular precursor lesions. Between 4 and 9 months, the vast majority of tumours were small (tumour diameter 2-5 mm) and showed no severe cytologic atypia, necrosis or any other sign of malignancy. The mean tumour diameter increased two-to threefold between 7 and 9 months (range of all diabetic groups: 0.45±0.26-1.15±1.53 cm) and 16 and 18 months (range: 1.29±0.74-2.27±1.06 cm). After 22 to 28 months, the mean diameter of all tumours in L2 animals was 3.28± 0.99 cm. This gradual increase in tumour size was accompanied by an increase in the frequency of cellular atypia, necrosis, haemorrhage and gross or vascular invasion, justifying the classification of many tumours as RCCs at this stage of the experiment (Fig. 3) . The mixed, but predominating, basophilic cell pattern of the adenomas was preserved in the RCC. Table 1 gives the frequencies of animals that exhibited at least one or multiple renal cell neoplasms (RCN), i.e. adenomas and carcinomas combined. In addition, RCCs were listed separately.
Distribution of renal cell neoplasms in the experimental groups
The completely untreated control rats of L4, B3 and S3 never developed clear or basophilic cell tumours larger than 2 mm. S2 animals, which stayed normoglycaemic for most of the experimental time owing to s.c. insulin injections, also developed no RCN. In L3, a delayed and, in comparison with the hyperglycaemic groups, considerably weaker tumour development was noted. In this group, the majority of animals that actually developed tumours showed single small adenomas measuring between 0.5 and 1.3 cm. Only after 22 to 28 months, did we notice animals carrying multiple neoplasms in the L3 group, two of them also with an RCC. The slightly increased incidence of RCNs after lag periods of more than 13 months (Table 1) was statistically significant when compared with the completely untreated L4 rats, indicating a relatively weak and slowly progressing neoplastic process in the kidneys of the L3 group.
By contrast, a strong nephrocarcinogenic effect was demonstrated in all of the long-standing diabetic animals, regardless of whether diabetes was induced by STZ (as in L1, L2, B2 and S1) or by an autoimmune disorder (B1). It was also irrelevant whether hyperglycaemia was mild (in L2) or severe (L1, B1, B2, S1). Moreover, the conversion from hyperglycaemia to normoglycaemia in a proportion of L2 animals at late stages of the experiments did not lead to a decline in tumourigenesis. In fact, the highest incidence of tumours was noted in late-stage L2 animals: The proportion of animals exhibiting at least one neoplasm peaked at 19 to 21 months (94%) and the proportion of rats showing multiple RCNs (79%) or RCCs (82%) at 22 to 28 months. Despite some minor quantitative differences, tumourigenesis was almost similar in all of the long-standing hyperglycaemic groups and was always significantly higher than in normoglycaemic controls (Table 1) .
Enzyme histochemical data
As seen in Fig. 4 and Table 2 , in the distal tubules, including the AEL, the enzymes glucose 6-phosphate dehydrogenase (G6PDH), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), acid phosphatase, membranebound ATPase and γ-glutamyltransferase had only low activities, whereas glycogen phosphorylase and glycogen synthase showed moderate to strong activities. Glucose-6-phosphatase (G6Pase) or alkaline phosphatase (AlkPase) activities were not demonstrable in the distal tubules. It was of particular interest that the enzyme histochemical pattern of the advanced preneoplastic lesions and the RCN, including the RCC, was nearly the same as that of the distal tubular epithelia and the AEL, but was in strong contrast to that of the proximal tubulus. Only the activities of G6PDH and GAPDH were elevated in the neoplasms when compared with the distal tubules. Immunohistochemistry of (a) insulin signalling transduction, (b) TGF-α and its receptor EGF-R, (c) IGF axis and (d) cytokeratin 7 (CK7). a Insulin signal transduction proteins IRS-1, RAF-1 and MEK-1 were strongly produced in AEL (columns 1-3), while MEK-1 and IRS-1 were also strongly produced in RCN (columns 4 and 5). b TGF-α was produced in collecting ducts in normoglycaemic animals (column 1), was weakly positive in AEL a few weeks after diabetes induction (column 2) and increased to strong production in AEL at 9 months after diabetes induction (column 3). EGF-R was strongly produced in AEL (column 4). All tumours were positive for TGF-α (column 5). c IGF-I was produced in AEL and RCN (column 4). The IGF-I-R was negative in distal tubules in AEL (column 2) and RCN (column 5), while proximal tubules showed a distinct staining pattern of the basal cell membrane (columns 2 and 5). IGF-II receptor was strongly produced in AEL (column 3). d CK7 levels in diabetic animals during renal carcinogenesis additionally demonstrated the tumour origin from distal tubulus system. AEL in diabetic animals (column 1) showed CK7 production at the periphery of the glycogenotic cytoplasm. The distal tubulus system, including collecting ducts, was strongly positive in contrast to the proximal tubules. In addition, potentially preneoplastic basophilic proximal tubules (note the complete brush border) were also negative for CK7 (column 2). All tumours that originated in this model retained CK7 production, including small cystic adenomas (column 3), medium-sized tubulopapillary renal neoplasms (column 4) and the later developing RCCs The enzyme histochemical data point towards a close relationship between the AEL/distal tubules on the one hand and the RCN on the other.
Immunohistochemical data
As seen in Fig. 5 and Table 2 , epithelia of the distal tubules, including the AEL, showed moderate levels of IR and the downstream signalling cascade, including insulin receptor substrate 1 (IRS-1), v-raf-1 murine leukemia viral oncogene homologue 1 (RAF-1) and mitogen activated protein kinase kinase 1 (MEK-1), whereas the proximal tubules showed only weak or no signals. TGF-α and its receptor EGF-R were also strongly produced in the distal tubules, but not in the proximal tubules. In the latter, moderate levels of the IGF-I-R, but not of IGF-I, was noticed, while the distal tubular epithelium moderately produced IGF-I, while the production of its receptor was only weak. IGF-II receptor production was pronounced in the distal tubules. Gluthathione S-transferase placental form (GST-P) and cytokeratin 7 were strongly produced in the distal tubules, but not in the proximal ones. Gefitinib-treatment had no effect on immunohistochemical TGF-α and EGF-R production.
The immunohistochemical results in the advanced preneoplastic lesions and RCN, including RCCs, showed a production profile nearly congruent with that of the AEL and the distal tubular system and in sharp contrast to the proximal tubulus. Thus RCN and the distal tubular system exhibited exactly the same production pattern of factors related to insulin signalling (IR, IRS-1, RAF-1, MEK-1) and also of TGF-α, EGF-R, IGF-I, IGF-I-R, IGF-II-R, GST-P and cytokeratin 7.
In addition to the enzyme histochemical data, the levels of several growth factors and their receptors, as well as of GST-P and cytokeratin 7, also strongly suggests a close relationship between the RCN and the distal tubular system, including the AEL.
Additional data on findings (intercurrent diseases and basophilic/oncocytic lesions) are given as electronic supplementary material, results.
Discussion
In this study, we demonstrated a strong association between experimentally induced diabetes mellitus in rats and the development of RCC. The strongest argument is the development in the autoimmune-diabetic BB/Pfd rats (group B1), which had a high rate of RCC without administration of any exogenous carcinogenic agent. This study also shows that the main nephrocarcinogenic effect of STZ is also dependent on induction of diabetes mellitus because RCC development in STZ-treated hyperglycaemic animals clearly outnumbered that in STZ-treated rats that were subsequently made normoglycaemic by glucose-lowering treatment (L1 and S1 vs L3 and S2, respectively). Nevertheless, the slightly elevated tumourigenesis in STZ-exposed but normoglycaemic L3 rats demonstrates a minor additional carcinogenic influence of STZ on the tubular epithelium that is independent of diabetes mellitus. The lack of this effect in STZexposed S2 animals may be related to the lower dose of STZ administered in this group and/or to a lower susceptibility of the Sprague-Dawley strain. These experimental results corroborate the conclusions drawn from large epidemiological human studies documenting a higher incidence of RCCs in patients with diabetes mellitus when compared with the normal population [2] [3] [4] 6] .
Furthermore, our study provided evidence for an interesting putative preneoplastic precursor lesion in diabetes-induced nephrocarcinogenesis, namely the diabetic tubulopathy of the kidney, known as AEL. AEL exhibit the same light microscopic appearance as clear-cell (glycogenotic) tubules of the kidney, which have previously been shown to represent preneoplastic lesions potentially progressing to clear and clear/acidophilic cell carcinomas in other models of renal cell carcinogenesis [18] [19] [20] [21] [22] [23] [24] 37] . The majority, at least, of these clear-cell tubules derive from the distal nephron, as do AEL [20, 37, 38] . However, storage of glycogen in proximal tubules and/or a connection of typical clear-cell tubules with the proximal nephron has rarely been found by histochemical and stereological approaches, respectively [20, 23, 38] . In addition to the preneoplastic tubules induced by various chemicals, AEL also share distinct morphological, immunohistochemical and enzyme histochemical features with preneoplastic glycogenotic foci of the liver, known from hepatocarcinogenesis induced in different animal models by chemicals, hormones and viruses, e.g. excessive glycogen storage, condensed nuclear chromatin, increase in proliferative activity, production of TGF-α and GST-P, increased levels of IRS-1, RAF-1 and MEK-1, and decreased G6Pase activity [31] [32] [33] [39] [40] [41] [42] [43] [44] .
For a long time, AEL have been regarded as a consequence of the re-absorption of glucose entering the tubular lumen in patients with persisting hyperglycaemia during long-term diabetes, a phenomenon considered to be reversible after normalisation of blood glucose levels. However, although the accumulation of glycogen in the distal tubules disappeared after treatment of diabetes by pancreatic islet transplantation, some ultrastructural alterations of these cells, e.g. lack of the basolateral infoldings, persisted after normalisation of blood glucose levels [45] .
Our findings of persisting morphological alterations, reminiscent of AEL in normoglycaemic L2 animals, and, even more importantly, the increased proliferative activity and production of proteins related to cell growth and proliferation in AEL clearly demonstrate that AEL are at least not a completely reversible and certainly not a degenerative phenonemon.
The congruent production pattern of growth factors, their receptors, signal transduction pathways (TGF-α, EGF-R, IR, IGF-I, IGF-I-R, IGF-II-R, IRS-1, RAF-1, MEK-1 and GST-P) and similar enzyme activities (glycogen phosphorylase, glycogen synthase, G6Pase, AlkPase, γ-glutamyltransferase and membrane-bound ATPase) in the distal tubules/AEL on the one hand and in RCC on the other hand further support the notion of a putative preneoplastic character of the AEL in the diabetic rat kidney. These observations not only favour a precursor-product relationship between AEL and RCC, but also suggest an involvement of the related cellular alterations in the mechanism of neoplastic transformation, because chemically and diabetesinduced RCC share several metabolic features, including activities of enzymes of carbohydrate metabolism, such as GAPDH, G6PDH, G6Pase and AlkPase [37, 46] . The importance of the IGF-system in diabetes-related kidney diseases has been extensively investigated [8, 9, 14, 15] and its involvement in RCC has also been described [11] . Moreover, a large number of RCC and their preceding preneoplastic lesions strongly produce TGF-α and EGF-R [47, 48] . In this study, TGF-α and EGF-R were strongly produced both in the carcinomas and in the distal tubules, including AEL, but not in the proximal tubules. The autocrine loop of TGF-α/EGF-R signalling on AEL cell proliferation, already inferred from the immunohistochemical results, was verified by Gefitinib treatment, which nearly completely prevented AEL/distal tubular cell proliferation. Thus, TGF-α/EGF-R signalling appears to be involved in mediating cell proliferation in late-stage preneoplastic AEL and probably also in subsequent tumour development. However, additional long-term studies are needed to clarify the exact role of the different growth factor systems for RCC development in diabetic rats.
In conclusion, we have shown that long-lasting diabetes mellitus induces RCC in spontaneously and STZ-diabetic rats. Severe alterations in the metabolism of cells in the distal tubular system, including activation of different growth factor signalling pathways, are on the one hand responsible for the formation of distinctive glycogenotic tubular lesions, known as AEL, and are also clearly involved in the subsequent stepwise neoplastic transformation of AEL into RCC. Thus, AEL are identified as the principal preneoplastic lesion in diabetes-related rat nephrocarcinogenesis. It would now be of great interest to investigate whether similar metabolic alterations might also be responsible for the well-known development of RCC in human patients suffering from diabetes mellitus.
